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I.  Introduction: 

The  Li/SO ^ battery  is  the  most  highly  developed  high-energy  density 
battery  system  obtainable  today  and  is  available  in  a growing  volume  from 
several  manufacturers  in  response  to  the  rising  demand  for  its  use  in 
various  applications.  The  rising  demand  is  motivated  by  the  need  for  a 
li^ht- weight  power  source  that  has  a high-rate  capability,  a good  low 
temperature  performance,  and  good  high  temperature  storability.  The  Li/SO^ 
system  has  all  these  characteristics  to  a greater  extent  than  does  any 
other  battery  system  and  for  this  reason,  it  has  acquired  a dominant  position 
in  the  emerging  new  primary  battery  technology.  Improvements  made  at  a 
rapid  pace  in  the  Li/SO  technology  in  the  areas  of  efficient  manufacturing 
technology,  product  reliability  (hermetic  structures)  and  abuse  tolerance 
(ventable  structures).  In  this  paper,  we  address  ourselves  to  the  area 
of  abuse  tolerance.  Although,  the  State-of-the -Art  hermetically  sealed 
high-rate  D cells  made  by  P.  R.  Mallory  & Co.  Inc.  are  sufficiently 
abuse  resistant  (3-5)  for  various  applications,  we  have  initiated  a program 
for  exploring  the  feasibility  of  improving  the  intrinsic  abuse  resistance 
of  the  system  even  further  by  chemical  and/or  mechanical  means,  if  possible, 
so  that  the  product  may  be  rendered  Safe  under  all  user  conditions . The 
approach  that  we  have  pursued  involves: 

(a)  the  identification  of  the  chemical  reactions  responsible  for 
the  pressure  buildup  and/or  thermal  runaway; 

(b)  the  determination  of  the  sensitivity  of  the  above  reactions 
to  the  various  use  and  abuse  variables;  and 

(c)  the  development  of  methods  to  desensitize  the  above  reactions. 

We  have  carried  out  differential  thermal  analysis  (DTA)  of  all  the 
cell  constituents  that  may  be  present  at  the  various  stages  of  storage  and 
discharge,  singly,  as  well  as  in  binary  and  multiple  combinations  in  order 
to  accomplish  (a)  and  (b)  above.  We  successfully  used  this  method  earlier 
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for  the  Safety  studies  of  the  Li/SuCl^  cells  (6).  In  addition,  we  carried  out 
DTA  of  miniature  Li/SO^  cells  in  order  to  establish  the  applicability  of  the 
results  from  the  DTA  of  individual  cell  constituents  to  the  actual  celxs. 

We  also  carried  out  kinetic  studies  of  the  Li-organic  solvent  heterogenious 
reactions  (the  most  significant  reactions  affecting  the  safety)  at  various 
temperatures  using  isothermal  DTA  method.  The  purpose  was  to  determine 
the  effectiveness  of  the  various  organic  solvent  additives  in  reducing  the 
Li-organic  solvent  reactions  for  enhanced  safety.  The  experimental  details 
and  the  results  of  the  above  studies  are  reported  here. 


II.  DTA  of  Li/SC^  Cell  Constituents: 


A.  Experimental: 

The  Mettler  TA2000  Differential  Thermal  Analysis  System  was  used  for 
the  DTA  experiments.  High-pressure  crucibles  made  of  a corrosion  resistant 
alloy  (Nemonic)  and  having  a gold  diaphragm  capable  of  withstanding  pressures 
of  1000  PSI  were  used  for  most  of  the  experiments  . A cross-sectional  view 
of  the  crucible  is  shown  in  Fig.  1 . The  sealing  of  the  crucible  was  accomplished 
by  means  of  the  screw  cap  which  when  tightened,  cuts  into  the  gold  diaphragm 
providing  a hermetic  seal.  In  certain  experiments  with  reactive  liquids,  the 
crucible  was  sealed  by  means  of  a septum  made  of  viton  rubber  and  the 
liquid  reactants  were  injected  into  the  crucible.  The  corrosive  gaseous 
samples  were  first  prepared  in  a Kovar  tube  which  was  hermetically  sealed 
by  means  of  welding  and  then  placed  inside  the  crucible  which  was  sealed 
by  means  of  the  screw-cap  and  the  gold  diaphragm  as  above. 

The  DTA  System  was  calibrated  with  indium  metal  samples  in  order  to 
obtain  quantitative  data  on  the  caloric  output  of  the  reactions  . Thus , the  DTA 
thermograms  were  useful  in  determining  both  the  temperature  at  which  a thermal 
transition  (exothermic  and/or  endothermic)  occurred  as  well  as  the  total  heat 
of  such  transitions. 

All  the  chemicals  were  used  as  received.  Since  a majority  of  the  above 
chemicals,  shown  in  Table  2,  were  moisture  sensitive,  the  transfer  of  the 
materials  to  the  high-pressure  crucible  and  the  sealing  of  the  crucible  were 
carried  out  in  an  argon  filled  dry  box. 

The  DTA  runs  were  carried  out  at  heating  rates  of  5° C/minute,  from 
room  temperature  to  approximately  450°C  and  back.  Thermograms  were  recorded 
for  both  the  heating  and  the  cooling  modes,  the  latter  was  occasionally  useful 
in  identifying  the  reaction  products  generated  during  the  heating  mode. 
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B. 


Results  and  Discussion: 


Ll/SC>2  organic  electrolyte  cells  contain  Li  anode.  Teflon  (polytetra- 

fluoroethylene)  bonded  carbon  cathode  on  expanded  aluminum  grid,  LiBr 

electrolyte  salt,  acetonitrile  organic  solvent  and  liquid  SC>2  depolarizer. 

Porous  polypropylene  has  been  most  commonly  used  for  separator.  Electrolyte 

salts  such  as  LiAsF-  (8)  and  organic  solvents  such  as  propylene  carbonate 
b 

and  methyl  formate  have  also  been  used . The  cell  container  is  made  of 
nickel-plated  cold-rolled  steel  with  glass-to- metal  seal  electrical  feedthrough 
comprising  tantalum  or  molybdenum  positive  terminal.  The  cell  case  is  the 
negative  terminal.  A list  of  all  the  possible  chemicals  that  may  be  present 
in  a Li/SC>2  battery  at  the  various  stages  of  use  and  abuse  is  provided  in 
Table  1 . The  list  includes  (a)  the  possible  starting  materials  mentioned 
above,  (b)  the  possible  impurities  and  (c)  the  possible  chemicals  generated 
during  the  various  use  and  abuse  regimes . Lithium  dithionite  is  the  main 
discharge  product  according  to  the  cell  reaction , 

2 Li  + 2 SC 2 Li2S204  [l] 

The  formation  of  LigSOg,  Li2SC>4,  Br2<  SOBr2  and  S2Br2  as  a result  of  prolonged 
high  temperature  storage  has  been  postulated  (7,  8)  to  be  due  to  the  reactions 
between  LiBr  and  SC>2, 

8 LiBr  + 8 SOz  y 4 Li2S03  + 4 SOBr2  [ 2] 

4 SOBr2 r 2 SC>2  + + 3 Br2  [ 3] 

4 Li2S03  + 2 Br2  > 2 Li2SC4  + 4 LiBr  + 2 SC>2  [4] 

4 LiBr  + 4 SC>2  * 2 Lt2SC>4  + S2Br2  + Br2  [5] 

The  formation  of  CH4  and  LiCN  during  reversal  of  an  unbalanced  Lt/SC>2 
cell  has  been  reported  (9).  The  formation  of  CS2,  HgS  and  C02  from  the  reactions 
between  CH4  and  SC>2  was  predicted  from  thermodynamic  considerations  (10). 
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The  list  In  Table  1 contains  only  the  stable  chemical  species  known 
to  be  present  In  Ll/SC>2  cell.  There  are  unstable  species  which  may  be 
formed  during  the  electrochemical  and  chemical  reactions  that  occur  during 
storage,  use  and  abuse  of  the  cell.  Both  the  nature  of  and  the  effect  of 
these  species  in  the  abuse  resistance  of  the  cells  are  uncertain.  Since 
all  these  stable  and  unstable  chemicals  may  be  present  simultaneously 
in  the  cell,  any  and  all  of  these  may  be  important  in  determining  the  abuse 
resistance  of  the  Li/SC>2  cells.  In  this  report,  we  have  attempted  to  identify 
the  chemicals  and  the  chemical  combination  which  contribute  to  the  unsafe 
behavior  (thermal  runaway,  etc.)  of  the  cell  from  the  DTA  of  the  chemicals 
and  their  combinations  shown  in  Table  1 . Chemical  combinations  which 
produce  exothermic  transitions  at  ambient  temperatures  may  be  responsible 
for  the  initiation  of  a thermal  runaway,  whereas  the  chemicals  and/or  combina- 
tions thereof  that  produce  exothermic  transitions  at  elevated  temperatures, 
may  sustain  a thermal  runaway  once  initiated  by  other  means  . 

The  DTA  results  are  summarized  in  Table  2 . All  the  runs  were 
made  at  a heating  rate  of  5°C/minute.  The  thermograms  of  some  important 
chemicals  and  their  combinations  are  discussed  below. 

Single  Components: 

Lithium:  The  thermogram  of  Li  consists  of  one  sharp  endotherm 

at  188°C  corresponding  to  the  melting  of  Li.  The  difference  between  the 
melting  point  of  Li  (179°C)  and  the  above  temperature  indicates  the  thermal 
lag  of  the  crucible  at  the  heating  rate  of  5°C/minute. 

The  lag  would  be  expected  to  depend  upon  both  the  temperature 
and  the  heating  rate.  All  the  temperatures  reported  in  Table  2 are  the  furnace 
temperatures,  the  actual  sample  temperatures  corresponding  to  the  furnace 
temperature  can  be  approximated  by  subtracting  8°C  from  the  furnace  temp- 
erature. On  cooling  mode,  the  Li  thermogram  showed  an  exotherm  corresponding 
to  the  freezing  of  Li.  The  identical  caloric  output  corresponding  to 
melting  and  freezing,  indicated  the  lack  of  reaction  of  Li  and  the  crucible. 
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Carbon  Black:  The  thermogram  of  Shawlntgan  black,  the 
major  constituent  of  the  carbon  cathode  showed  no  transitions. 

Separator:  The  thermogram  of  Celgard  2400,  the  porous  poly- 
propylene separator  material,  showed  an  endothermic  transition  at  156°C 
corresponding  to  the  melting  of  polypropylene  and  an  exotherm  on  cooling 
mode  for  freezing  of  polypropylene,  with  identical  caloric  output. 

Acetonitrile  (AN):  The  thermograms  of  both  AN  and  PC  showed 
no  characteristic  transitions  within  the  temperature  range  (25°  to  350  °C) 
examined . 

Teflon:  The  thermogram  of  Teflon  powder  (TL-120)  showed  a 
small  gradual  endothermic  transition  at  250  °C  most  likely  indicating  the 
sintering  of  Teflon  powder.  The  Teflon  is  used  as  a binder  for  the  carbon 
cathode . 

Sulfur:  The  thermogram  of  elemental  S is  shown  in  Fig.  2. 

The  two  overlapping  endothermic  transitions  at  112°  and  120°C  correspond 
to  the  melting  of  two  crystalline  forms  (rhombic  and  monoclinic)  of  sulfur 
and  the  sharp  exotherm  on  cooling  mode  represents  the  crystallization  of  one 
type  of  sulfur  since  one  form  changes  to  the  other  on  melting.  The  absence 
of  any  other  transtions  indicate  the  inertness  of  the  crucible  to  sulfur. 

Sodium  Pith  ionite:  Lithium  dithionite,  Li2S2°4'  the  primary 
cell  reaction  product  of  the  Li/SC^  battery,  was  not  commercially  available. 
Therefore,  we  used  commercially  available  NagS^O^  which  is  chemically 
similar  to  Li2S2C>4;the  Na2S2C>4  was  approximately  90%  pure,  having  sulfite 
and  thiosulfate  as  major  impurities.  The  DTA  thermogram  of  Na2S2C>4  is 
shown  in  Fig.  3.  The  material  showed  several  strong  exothermic  transitions 
above  100 °C  on  heating.  The  absence  of  endothermic  transitions  on  cooling 
indicates  that  the  above  transitions  represent  irreversible  decomposition  of 
Na.S  O . The  thermogram  on  cooling  showed  an  exothermic  transition 
corresponding  to  the  freezing  of  elemental  S.  The  repeat  run  (not  shown) 
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shows  another  endothermic  transition  corresponding  to  the  melting  of 
elemental  S;  thus,  confirming  that  one  of  the  product  of  the  decomposition 
of  Na^S^O^  is  S.  The  quantity  of  S formed  was  estimated  (using  the  DTA 
thermogram  of  elemental  S shown  in  Fig,  2)  to  be  0.0056  gm.  The  amount 
of  S expected  based  on  the  decomposition  reactions  such  as 


2 Na2S204  _ 

— * 2 Na2S03  + S02  + S 

[6] 

or  2 Na2S204  _ 

* 2 Na20  + 3 S02  + S 

[7] 

is  0.0055  gm.  The  agreement  is  reasonable. 

The  total  caloric  output  of  the  exothermic  decomposition  was 
determined  by  integrating  the  area  under  the  three  major  peaks  (two  major 
peaks  in  the  case  of  pre-dried  material)  and  it  turned  out  to  be  approximately 
-14.4  K.Cal/mole  as  the  heat  of  decomposition  of  ^2820^.  Assuming 
reaction  [6]  as  the  decomposition  reaction,  the  heat  of  formation  of  ^2820^ 
was  calculated  using  the  known  heats  of  formation  of  Na2S03  (-260.6  K.Cal/ 
mole,  and  SC^  (-70.96  K.Cal/mole).  This  turned  out  to  be  -290  K.Cal/mole. 
The  heat  of  formation  of  Na2S20^  calculated  (11)  from  the  data  in  aqueous 
ammonia  was  296  K.Cal/mole.  The  agreement  is  reasonable.  Thus,  the 
heat  of  decomposition  of  -14  K.Cal/mole  for  Ha  S O as  determined  from  the 

^ 6 ft 

DTA  thermogram  is  probably  reasonable . 

Lithium  Bromide  : The  thermogram  of  anhydrous  LiBr  as  used  in 
the  electrolyte  for  the  Li/S02  batteries  was  found  to  be  completely  featureless . 

Combinations: 

Li  + Celqard:  The  thermogram  of  Li  and  the  porous  polypropylene 
separator  (Celgard)  which  remains  in  contact  with  Li  in  the  cell,  is  shown 
in  Fig.  4.  The  endothermic  transitions  corresponding  to  melting  of  poly- 
propylene and  Li  during  heating  mode  and  the  identical  exothermic  peaks 
during  the  cooling  mode,  indicate  the  absence  of  chemical  activity  between 
the  two. 
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LI  + LIBr:  The  thermogram  of  a mixture  of  Li  and  LiBr,  as  shown 
In  Fig.  5,  consists  of  one  exothermic  peak  at  124°C  prior  to  Li  melting. 

The  exothermic  peak  most  likely  represents  the  reaction  between  Li  and 
some  trace  impurities  in  LiBr. 

Li  + Teflon:  The  thermogram  of  Li  + Teflon  powder  is  shown 
in  Fig.  6.  The  strong  exothermic  peak,  at  279 °C,  beyond  the  lithium  melting 
most  likely  represents  the  following  reaction: 

4 Li  + 1 (C_ F . ) > 4 LiF  + 2 C [8] 

tt  2 4 n 

AH  = -96  K.  Cal/g  atom  of  Li. 
o 

Ihe  caloric  output  determined  by  integrating  the  exothermic  peak  was  88  K. 
Cal/gm  atom  of  Li  which  is  in  reasonable  agreement  with  the  literature 
value.  In  all  these  experiments,  the  weight  of  Li  used  was  very  small, 
viz,  0.0008  gm  or  less  and  errors  in  the  Li  weight  may  lead  to  the  above 
deviations  of  the  experimental  values  from  the  literature  values . 

Li  + SC>2:  The  mixture  of  Li  and  liquid  SO^  was  prepared  by 
taking  a small  piece  of  Li  in  a Kovar  tube  which  was  then  cooled  in  liquid 
and  SO„  was  condensed  in  the  tube  which  was  then  sealed  by  welding.  This 
sealed  tube  was  placed  in  the  crucible  shown  in  Fig.  1 and  DTA  run  was 
taken.  Atypical  thermogram  is  shown  in  Fig.  7.  The  endotherm  at  190°C 
corresponding  to  the  melting  of  Li  indicated  that  the  sensitivity  of  the  system 
was  not  altered  significantly  by  the  use  of  the  Kovar  tube.  The  thermogram 
is  very  striking  in  that  there  was  no  exothermic  transition  below  320 °C  , 
the  highest  temperature  used,  indicating  the  absence  of  chemical  reaction 
between  molten  Li  and  liquid  SC>2 . The  runs  were  repeated  with  new  samples 
and  the  above  results  were  confirmed.  Also,  the  Kovar  tubes  were  opened 
at  the  end  of  the  run  and  the  presence  of  unreacted  Li  and  liquid  SC>2  was 
confirmed.  The  results  demonstrate  the  exceptional  chemical  stability  of 
Li  towards  SC>2 . The  film  is  sufficiently  protective  even  when  the  Li  is  in  a 
molten  state,  thus  indicating  continuous  regeneration  of  the  film. 
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LI  + AN:  Li  and  AN  were  found  to  react  exothermically  at  room 
temperature.  For  this  reason,  the  DTA  crucible  (Fig.  1)  was  modified  slightly 
to  incorporate  a septum  top  through  which  AN  was  injected  and  the  DTA 
runs  were  started  immediately  after  such  injection.  The  exothermic  reaction 
was  accelerated  at  higher  temperatures  as  shown  in  the  thermogram  in 
Fig.  8.  AN  was  found  to  be  one  of  the  most  reactive  agents  towards  Li. 

We  examined  the  kinetics  of  this  heterogeneous  reaction  in  some  detail 
using  the  DTA.  The  results  will  be  reported  later. 

{ 

11  + PC:  PC  was  used  as  a co-solvent  along  with  AN  in  Li/SC^ 
cells . Li  was  found  to  be  quite  inert  in  PC  probably  due  to  the  formation 
of  a protective  film  (12)  of  L^COg.  The  thermogram  shown  in  Fig.  9 indicate 
strong  exothermic  reactions  at  270  °C.  In  this  respect,  Li  is  more  stable 
in  SO g than  in  PC. 

Li  + PC  + AN:  AN  and  PC  were  mixed  in  equal  volumes  and 
injected  through  the  septum  of  the  crucible  containing  Li.  The  thermogram 
is  shown  in  Fig.  10.  The  exothermic  peak  represents  Li  + AN  reaction. 

Note  that  the  temperature  at  which  the  exothermic  reactions  occurred  was 
increased  to  180 °C  from  80 °C  (Fig.  8).  The  results  indicate  the  protective 
nature  of  PC.  In  similar  runs  with  AN: PC  volume  rations  of  95:5  , the 
exothermic  peaks  occurred  at  98°C.  Thus,  the  extent  of  protection  is 
dependent  upon  the  concentration  of  PC.  In  this  analysis,  the  relative 
stabilities  of  the  various  materials  are  judged  by  the  temperature  at  which 
they  react,  the  higher  the  temperature,  the  more  stable  the  materials  at 
ambient  temperature. 

Li  + SO^  + AN  + LiBr:  The  SO^,  AN  and  LiBr  mixture  used 
represents  an  electrolyte  for  the  LI/S02  battery  having  a pressure  of  one 
atmosphere  and  consists  of  approximately  40%  S02,  40%  AN,  and  20%  LiBr 
by  weight.  The  thermogram  is  shown  in  Fig.  11.  The  exothermic  transition 
occurring  at  180°  prior  to  the  melting  of  Li  most  likely  represent  the  Li  + AN 
reactions.  SO2  acts  as  a protective  agent  for  Li  as  did  the  PC  above. 
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The  results  Indicate  that  the  spontaneous  reactions  between  Li 
and  AN  can  be  mftigated  by  the  addition  of  either  SC>2  or  PC.  The  use  of 
a mixture  of  AN  and  PC  as  the  organic  co-solvent  may  thus  be  beneficial 
in  preventing  spontaneous  exothermic  reaction  of  Li  and  AN  in  a completely 
discharged  Ll/SO^  cell  which  has  S02  as  the  capacity  limiting  component. 
The  efficacy  of  this  approach  will  be  reported  later. 

Na2^2°4  + 1,16  therm°9ram  of  a mixture  of  Na2S204 

(analogous  to  Li2S204)  and  carbon  black  was  found  to  be  similar  to  the 
thermogram  of  Na2S204  alone  as  shown  in  Fig.  3,  thus  indicating  the  absence 
of  any  significant  effect  of  carbon  black. 

Cathode  Mix:  The  thermogram  of  the  cathode  mix  consisting  of 

carbon  and  Teflon  did  not  show  any  transitions  in  the  sealed  crucible. 

However,  the  dried  cathode  mix  obtained  from  a discharged  Li/SO„  cell, 

£ 

containing  the  cell  discharge  product,  Li2S2G4,  and  the  electrolyte  salt, 
LiBr  in  addition  to  carbon  and  Teflon  did.  A thermogram  of  such  a discharged 
cathode  mix  is  shown  in  Fig.  12.  The  exothermic  transition  at  180 °C  is 
similar  to  that  observed  with  dry  Na2S204.  The  caloric  output  was  approxi- 
mately 13  Cal/gm  of  carbon  mix.  The  thermogram  of  the  cathode  mix  (from 
the  same  discharged  cell)  which  was  exposed  to  air  is  shown  in  Fig.  13. 

Note  the  additional  exothermic  peaks  similar  to  those  on  the  thermogram  of 
as  received  Na^^^  (Fig.  3).  The  caloric  output  was  found  to  be  38  K 
Cal/gm  of  cathode  mix.  Another  thermogram  of  the  cathode  mix  from  a 
cell  which  was  discharged  into  reversal,  so  that  the  cell  voltage  was 
negative  for  approximately  10%  of  its  normal  capacity  is  shown  in  Fig.  14. 
The  cathode  mix  was  inadvertently  exposed  to  air  prior  to  the  DTA  run. 

The  thermogram  looked  very  similar  to  the  previous  one,  except  the  caloric 
output  was  increased  to  112  Cal/gm  of  the  cathode  mix.  Thus,  the  behavior 
of  the  discharged  cathode  was  very  similar  to  the  behavior  of  Na2S20^. 
Moisture  appeared  to  enhance  the  exothermic  decomposition.  The  presence 
of  Li  in  the  discharged  cathode  (from  the  cell  reversal)  enhanced  the  heat 
output  of  the  decomposition  reactions . Carbon  and  Teflon  did  not  appear  to 
have  any  significant  effect. 
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Li  + Na„S„C)  + C:  The  thermogram  of  a physical  mixture  of 

2 2 4 

powdered  Li,  powdered  ^a^S^O^  and  carbon  black  (simulating  a cathode  mix 
of  a Ll/SC^  cell  which  was  in  reversal)  is  shown  in  Fig.  15.  Note  that  the 
thermogram  is  very  similar  to  that  in  Fig.  14,  except  for  the  endotherm 
corresponding  to  Li  melting.  The  slight  differences  in  the  temperature  at 
which  the  two  major  exotherms  occurred  are  most  likely  due  to  the  differences 
in  the  size  of  the  sample.  We  found  that  the  exothermic  transitions  occur 
at  higher  temperatures  for  the  smaller  samples.  The  first  peak  at  198°C 
most  likely  represents  the  decomposition  of  Na2S2C>4  (Figs.  3,  12)  and  the 
second  strong  peak  at  290 °C  most  likely  represents  the  reaction  between  Li 
and  the  decomposition  products  of  Na.S  O such  as  S and  Na„SO  according 

c*  c*  L i Zi  j 

to  reaction  [6]  or  [ 7]  . The  striking  similarity  of  the  thermograms  shown 
in  Figs.  14  and  15,  indirectly  supports  the  assumed  similarity  of  Na2S2°4 
and  Li2S2<D^  insofar  as  their  thermochemical  characteristics  are  concerned. 

Li  + S:  The  thermogram,  shown  in  Fig.  16,  indicates  a very 
strong  exotherm  after  the  melting  of  two  forms  of  sulfur,  corresponding  to 
the  exothermic  formation  of  Li2S  according  to, 

2 Li  + S » Li2S  [9] 

The  similarity  of  the  strong  exotherm  to  that  observed  in  the  thermogram  of 
Li  + Na2S20^  (in  Fig.  15)  suggests  that  the  latter  was  due  to  Li  + S reactions. 
The  higher  temperature  of  the  strong  exotherm  in  Fig.  15,  is  most  likely  due 
to  the  poor  physical  distributions  of  the  trace  amounts  of  S (formed  as  a 
result  of  the  decomposition  of  Na2S  O^)  which  may  have  to  be  in  a vapor 
form  to  react  with  the  molten  Li  in  view  of  the  trace  amounts  of  S involved . 

Li  + L^SO^:  Li2SC3  may  be  a product  of  decomposition  of 

L12S2<D^  according  to  reaction  [6]  . The  thermogram  of  as-received  L^SO^ 
is  shown  in  Fig.  17.  There  are  strong  exothermic  reactions  prior  to  the 
melting  of  Li.  However,  with  dehydrated  L^SOg,  the  thermogram  of  Li  + 
Li2SC>3  showed  only  the  endothermic  transition  due  to  the  melting  of  Li,  but 
no  exothermic  transition.  This  demonstrates  the  important  effect  of  moisture 
(as  impurity)  in  the  various  cell  components  on  the  thermal  characteristics  of 
the  cell  constituents . 
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LI  + Al:  Expanded  A1  was  used  as  a current  collector  for  the 

carbon  cathode.  During  cell  reversal,  Li  deposition  may  occur  on  Al 

and  spontaneous  alloying  (13)  may  ensue  leading  to  the  formation  of 

LiAl.  The  thermogram  shown  in  Fig.  18  Indicates  a strong  exothermic 

reaction  at  the  melting  point  of  Li  corresponding  to  the  formation  of  Li-Al 

alloys . The  two  endotherms  at  higher  temperatures  correspond  to  the 

melting  of  two  types  of  Li-rich  alloys  of  Al.  On  cooling  mode,  three 

exotherms  correspond  to  the  freezing  of  the  above  two  alloys  and  the 

excess  Li  . X-ray  diffraction  of  the  products  indicated  the  presence  of 

Li-Al.  and  LiAl  which  remained  in  a solid  state  during  the  DTA  run  since 
9 4 

the  melting  point  (718°C)  is  much  higher  than  the  upper  temperature  limit 
of  the  DTA  run.  DTA  runs  with  excess  Al  also  had  similar  characteristics 
as  shown  in  Fig.  18,  except  that  there  was  no  exotherm  corresponding  to 
Li  freezing  during  cooling. 

LiAl  + AN : LiAl  alloy  prepared  with  excess  Al  was  used  for 
this  run.  The  thermogram  is  shown  in  Fig.  19.  The  strong  exotherm  at 
154°C  represents  the  Li  and  AN  reaction  since  DTA  runs  with  Al  + AN 
showed  no  significant  reactivity.  A comparison  of  the  thermograms  in 
Fig.  19  with  the  Li  + AN  thermogram  in  Fig.  8 shows  that  the  reactivity 
as  judged  by  the  temperature  of  the  exotherm  is  significantly  reduced  by 
the  alloying  of  Li  with  Al.  With  pure  Li  (Fig.  8)  AN  reacted  vigorously 
even  at  room  temperature,  whereas  with  the  LiAl  alloy,  the  reaction 
started  at  154°C. 

LiAl  + SC^:  The  thermogram  showed  no  exothermic  transitions 

up  to  470 °C,  only  endothermic  transitions  corresponding  to  the  melting 
of  lithium-rich  alloys . 

LiAl  + AN  + SO^:  AN  and  SO^  were  used  in  the  volume  ratio 
of  75:25.  The  thermogram  is  shown  in  Fig.  20.  The  major  exothermic 
peak  corresponding  to  the  Li  + AN  reaction  occurred  at  420 °C,  instead  of 
occurring  at  180°C,  as  in  the  case  of  pure  Li  (Fig.  11).  Furthermore, 
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addition  of  SO^  increased  the  temperature  of  the  exotherm  from  154°C  as 
in  the  case  of  LiAl  + AN  (Fig.  19)  to  420°C.  Thus,  the  reactivity  of  the 
most  reactive  components  of  the  Li/SO^  batteries  viz  Li  and  AN  can  be 
reduced  by  both  the  addition  of  SC>2  (film  forming  agent)  and  the  alloying 
of  Li  and  there  appears  to  be  a significant  synergism  when  both  are  used 
together . 

In  addition  to  the  above,  DTA  of  other  mixtures  of  various  chamicals 
that  may  be  formed  in  Li/SC^  cells , were  carried  out  and  the  results  are 
summarized  in  Table  2.  The  DTA  of  Li  with  some  organic  solvents  other 
than  AN  and  with  mixtures  of  AN  and  other  solvents  were  carried  out  in  an 
effort  to  find  alternate  less  reactive  solvents  or  solvent  mixtures  . DME 
(dimethoxy  ethane)  appears  to  be  a good  substitute  for  AN.  However,  the 
performance  characteristics  of  cells  with  this  solvent  and  other  prospective 
solvent  mixtures,  need  to  be  established  in  order  to  determine  the  tradeoffs 
between  cell  performance  and  Safety. 

C.  Conclusions: 

DTA  has  been  found  to  be  an  effective  tool  in  the  identification 
of  the  cell  constituents  responsible  for  the  thermal  runaway  of  the  Li/SC^ 
cells . The  method  was  also  useful  in  the  development  of  approaches  to 
deactivate  the  above  active  cell  constituents.  The  specific  conclusions 
from  the  DTA  Studies  are  listed  below. 

1.  The  cell  discharge  product  Li2S2C>4  and  analogous  Na^C^ 
undergoes  exothermic  decomposition  producing  S as  one  of  the  products  . 

2.  The  presence  of  Li  in  a discharged  cathode  containing  Li2S2C>4 
leads  to  a stronger  exothermic  reaction  most  likely  due  to  the  exothermic 
reaction  of  Li  and  S formed  from  the  decomposition  of  Li2S2C>4. 

3.  Moisture  in  the  cell  parts  particularly  in  the  cathode  may 
lead  to  the  production  cf  additional  heat  due  to  its  exothermic  reaction 
with  Li2S2C>4  and  Li  which  is  formed  in  the  cathode  during  cell  reversal. 

13 

I 

L 


4.  Li  and  AN  are  the  most  reactive  components  of  the  Li/SO  2 
cells,  from  the  standpoint  of  internal  heat  generation  at  ambient 
temperatures . 

5.  Li  and  SC>2  are  extremely  inert  even  at  temperatures  as  high 
as  320  °C.  This  unexpected  stability  has  been  attributed  to  the  formation 
of  a protective  film  on  Li. 

6.  PC  is  less  reactive  to  Li  than  AN  and  the  reactions  of  PC 
and  AN  mixtures  is  dependent  upon  the  concentration  of  PC  in  the  mixture. 

7 . Li  alloys  with  Al  exothermically  near  the  melting  point  of 
Li  producing  primarily  LiAl. 

8.  The  reactivity  of  alloyed  lithium  with  AN  is  significantly 
less  than  that  of  pure  lithium. 

9 . The  alloying  of  Li  (to  form  LiAl)  and  the  addition  of  S02 
both  reduce  the  reactivity  of  Li  towards  AN,  but  when  used  together, 
there  is  a synergistic  effect  which  reduces  the  reactivity  of  Li  towards 
AN  to  such  an  extent  that  the  reaction  occurred  at  420 °C  instead  of  at 
150°C. 

10.  The  above  DTA  results  indicate  that  the  following  approaches 
may  be  useful  in  improving  the  abuse  resistance  of  Li/S02  cells: 

(a)  Use  of  excess  S02  in  the  cell  to  ensure  its  presence 

at  all  stages  of  use,  storage  and  abuse. 

(b)  Use  of  mixtures  of  AN  + PC  instead  of  pure  AN. 

(c)  Use  of  alternate  solvents  instead  of  AN  and  mixtures 

of  solvents . 

(d)  Control  of  moisture  levels  in  the  cell  components. 

The  efficacy  of  the  above  approaches  in  improving  the  safety  of  the  Li/S02 
cell  and  the  necessary  tradeoffs  will  be  reported  later. 
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Ill . DTA  of  Spirally  Wound  Li/SCL  Miniature  Cell 
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We  augmented  the  DTA  studies  of  the  cell  constituents  by  DTA  studies 
on  actual  Li/SC>2  cells . We  chose  to  use  a miniature  spirally  wound  Li/SC^ 
cell  instead  of  the  L026  cells  (D  size)  . The  design  of  the  miniature  cell  was 
such  that  it  reflected  the  behavior  of  the  larger  D size  cell  insofar  as  the  heat 
generation  characteristics  are  concerned.  The  purpose  of  these  DTA  studies 
are  to  determine  the  heat  generation  characteristics  of  the  actual  Li/SOz  cells 
and  compare  them  with  the  behavior  predicted  from  the  DTA  studies  of  the 
cell  constituents  as  well  as  to  determine  the  effect  of  some  of  the  cell  design 
variables  on  the  heat  generation  characteristics  of  the  Li/S02  cells  . The  cell 
design  variables  studied  were:  separator  material  (porous  polyethylene  and 
glass)  electrolyte  salt  (LiBr  and  LiAsFg)  and  organic  solvent  (AN  and  PC  + AN)  . 
The  experimental  details  and  the  results  are  presented  here . 

A , Experimental 

(a)  Miniature  Li/SC>2  Cell;  The  cross  sectional  view  of  the  miniature 
Li/SC>2  cell  is  shown  in  Fig  . 21 . The  cell  was  made  in  a nickel  plated  cold 
rolled  steel  can,  0.302  inch  diameter  and  approximately  1 .5  inch  high.  The 
cell  top  consists  of  a G/M  seal  having  a tantalum  tube  feed  through  which 
serves  both  as  the  positive  terminal  and  as  electrolyte  fill  port.  The  G/M 
seal  was  welded  to  the  cell  can.  The  cell  bottom  has  a thermocouple  well 
for  the  measurement  of  internal  temperature.  The  cell  was  made  with  spirally 
wound  electrodes:  1 .2  inch  x 1 .3  inch  x 0.012  inch  cathode;  1 .2  inch  x 
1 .4  inch  x 0.005  inch  Li  anode.  The  carbon  cathode  had  expanded  aluminum 
current  collector  but  the  Li  anode  did  not  have  any  current  collector.  The  cells 
were  filled  with  electrolyte  having  70%  SOo  by  weight.  The  fill  tube  was  welded 
shut  after  the  cell  filling  . The  cells  were  made  with  the  following  variables: 
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Separator:  porous  polypropylene,  (celgard)  (standard) 

glass  filter  paper. 

Electrolyte  Salt:  LiBr  (standard) 

LiAsFg 

Organic  Solvent:  AN  (standard) 

PC  + AN  (1:1) 

(b)  DTA  Fixture:  A cross  sectional  view  of  the  DTA  fixture  is  shown 
in  Fig  .22.  It  consists  of  an  aluminum  heating  block  having  two  cavities  for 
the  reference  and  the  sample  miniature  cells.  The  differential  thermocouples 
are  inserted  into  the  thermocouple  wells  (of  the  cells)  by  means  of  heat  transfer 
compounds . The  heating  elements  were  wrapped  around  the  aluminum  black 
which  was  insulated  all  around  by  means  of  fiber  glass . The  heating  block 
itself  served  as  the  negative  terminal  of  the  sample  cell  and  the  positive  terminal 
was  carefully  insulated  from  the  aluminum  heating  block.  The  DTA  runs  consisted 
of  heating  the  aluminum  block  at  a fixed  rate  from  room  temperature  to  a maximum 
of  250  °C  and  monitoring  both  the  block  temperature  as  well  as  the  differential 
temperature  on  a strip  chart  recorder.  The  open  circuit  voltages  of  the  cells 
were  also  monitored  during  the  DTA  run . In  some  experiments  the  differential 
temperature  of  the  cell  was  monitored  during  discharge,  reversal  and  charging 
of  a cell . 

B . Results  and  Discussion 


The  miniature  cell  was  designed  to  reflect  the  thermal  characteristics 
of  the  larger  L026S  (D  size)  cells  with  the  exception  that  the  potential  explosive 
energies  involved  would  be  substantially  lower  and  hence  less  destructive  of 
the  available  DTA  fixtures.  The  electrochemical  heat  evolved  per  unit  volume, 
as  measured  by  the  current  density  (i)  , over  voltage  (*?  ) and  the  cell  volume, 
turned  out  to  be  9 .1  (i»|)  ^ watts/cm^  for  the  L026S  cells  and  11 .5  (i vj ) 
watts/cm3  for  the  miniature  cell.  Thus,  if  the  cells  are  discharged  at  comparable 
current  densities  where  they  would  experience  comparable  overvoltages,  the 
heat  evolution  per  unit  volume  would  be  approximately  the  same  for  the  two  cells 
and  so  would  their  thermal  excursions  under  adiabatic  conditions. 
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The  miniature  cells  delivered  227  mA.Hr  at  1mA  and  180,  210, 

180  and  180  mA.Hr  at  10  mA  when  discharged  at  25 °C . At  -30 °C,  the  cells 
delivered  90,  83  and  97  mA.Hr  at  90  mA  to  a cutoff  voltage  of  2 .0  volts . 

90  mA  current  for  the  miniature  cell  corresponds  to  approximately  2A  for  the 
L026S  cells,  in  terms  of  equivalent  current  density. 

DTA  runs  with  two  empty  cell  cans  and  with  two  cell  cans  filled  with 
A^Og  showed  no  transitions  as  expected.  DTA  runs  with  two  fresh  cells  also 
showed  no  transitions . Cell  cans  filled  with  A^Og  were  chosen  as  a reference 
for  all  further  DTA  runs . 

Altogether  four  different  types  of  cells  were  tested . These  will  be 
referred  to  as  (a)  standard  cells,  (b)  cells  with  PC  (propylene  carbonate)  , 

(c)  cells  with  glass  filter  paper  separator,  and  (d)  cells  with  LiAsFg  electrolyte 
salt . 


Almost  all  the  DTA  experiments  were  done  in  triplicate  and  the  results 
were  found  to  be  quite  reproducible . 

(a)  Standard  Cells:  The  standard  cells  contained  0.005  inch  thick  Li 
anode,  70%  SO2  + 7%  AN  (acetonitrile)  + 23%  LiBr  electrolyte  and  porous  poly- 
propylene (celgard)  separator.  The  stoichiometric  ratio  of  Li:S02  was  approxi- 
mately 1:1 .3  based  on  the  cell  reaction 

2 Li  + 2S02  -*■  Li2S204  [lol 

The  cells  were  discharged  at  currents  of  1,  10  and  90  mA  at  25  °C 
and  then  these  were  subjected  to  DTA  runs  by  heating  from  25  °C  to  170  °C  . The 
differential  thermocouple  showed  one  small  exothermic  transition  starting  at 
temperatures  of  150  °C  . A typical  thermogram  is  shown  in  Fig  . 23  . There  was 
no  significant  effect  of  the  discharge  current  on  the  size  of  this  exotherm,  al- 
though the  exothermic  transition  was  somewhat  smaller  for  a partially  discharged 
ceil . The  exothermic  transition  is  attributed  to  the  exothermic  decomposition 
of  the  discharge  product  Li2S2C>4 . However  the  upper  limit  of  the  temperature 
of  the  DTA  run  was  too  low  for  most  of  the  other  exothermic  reaction.  The  sharp 
lowering  of  the  open  circuit  voltage  of  the  cell  at  temperatures  of  140 °C  was 
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probably  due  to  the  formation  of  shorts  in  the  cell  after  melting  of  the  poly- 
propylene separator. 

Miniature  cells  were  force-discharged  to  reversal  at  25°  and 
-30 °C  in  triplicate  . One  typical  plot  of  the  cell  voltage,  differential  tempera- 
ture and  the  aluminum  block  temperature  during  the  cell  discharge  is  shown  in 
Fig  . 24  . The  differential  temperature  increased  sharply  at  the  point  of  the 
cell  polarization.  The  block  temperature  was  increased  only  slightly.  The 
cell  was  at  reversal  for  only  0.75  hr  corresponding  to  a capacity  of  67.5  mA.Hr. 
There  was  no  cell  venting  or  explosion.  The  cell  was  then  subjected  to  a DTA 
run.  The  thermogram,  as  shown  in  Fig.  25,  has  two  strong  exothermic  peaks 
very  similar  to  those  observed  in  thermograms  of  mixtures  of  powdered  Li  and 
Na2S20^  (analogous  to  L^SgO^)  . The  first  exotherm  was  attributed  to  the  de- 
composition of  Li2S2C>4  to  produce  S and  the  second  one  was  most  likely  due  to 
the  Li  + S reaction . Li  + AN  reaction  may  also  occur  simultaneously  in  view  of 
the  lower  concentration  of  SC>2 . The  similarity  of  the  thermograms  of  actual 
cells  with  that  of  the  synthetic  mixtures  of  chemicals,  done  earlier,  supports 
our  conclusions  regarding  the  identification  of  chemicals  responsible  for  thermal 
runaway  of  Li/SC>2  cells.  In  the  cell,  Li^S^O^  is  formed  during  discharge  and 
Li  is  formed  during  the  reversal  in  the  cathode.  The  presence  of  Li  enhanced 
the  exothermic  caloric  output  of  Li2S2C>4  as  observed  earlier  in  DTA  experiments 
with  cathodes  as  well  as  in  synthetic  mixtures.  A second  DTA  run  (Fig.  26)  with 
the  same  cell  showed  virtually  no  exothermic  transition  indicating  that  the  active 
constituents  (Li  and  Li2S2C>4)  had  reacted  almost  completely  during  the  first 
DTA  run,  similar  to  our  observations  on  Li/SOCl2  cells  (14)  . 

The  intensity  of  the  exothermic  transitions  of  the  cells  which 
were  reversed  appeared  to  be  independent  of  the  temperature  at  which  the  reversal 
occurred  but  dependent  on  the  extent  of  reversal.  Prolonged  reversal  produces 
more  Li  in  the  cathode  than  a short  reversal  and  this  leads  to  the  increased 
caloric  output  as  observed  in  the  thermograms  of  mixtures  of  Li  + Na2S2Q4 . 
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Miniature  cells  were  also  charged  at  90  mA  for  7 hours  without 
any  cell  explosion . The  DTA  thermogram  of  the  charged  cell  is  shown  in 
Fig  . 27  . N0te  that  there  is  a small  endotherm  at  180 °C  most  likely  indicating 
the  melting  of  Li.  The  strong  exotherm  above  200 °C  indicate  the  Li  + AN  reaction 
in  the  presence  of  excess  S02  which  protects  Li  from  reaction  with  AN  at  a 
lower  temperature.  Since,  the  cell  was  not  discharged,  there  was  no  strong 
exotherms  corresponding  to  the  decomposition  of  Li2S20^,  although  some  Li2S20^ 
may  have  formed  by  chemical  reaction  with  the  dendritic  Li  formed  on  the  anode 
during  charging  . Again,  the  thermograms  of  the  cells  appeared  to  be  interpretable 
based  on  the  DTA  results  of  the  individual  chemicals . A repeat  DTA  run  of  the 
above  cell  showed  considerably  reduced  exothermic  transitions  indicating  the 
consumption  of  the  active  materials  during  the  first  run. 

(b)  Cells  with  PC:  These  cells  have  the  same  size  electrodes  as  the 
standard  cells,  only  the  electrolyte  consists  of  70%  S02  + 23%  mixture  of  AN 
and  PC  (3:1)  +7%  LiBr.  The  thermogram  of  a discharged  cell,  as  shown  in 
Fig  . 28  was  found  to  be  identical  to  that  of  the  standard  cell . Note  that  the 
upper  limit  of  the  temperature  was  only  170  °C  . The  voltage  and  the  differential 
temperature  profile  during  discharge  and  reversal  at  25  °C  at  90  mA  for  3 hours 
as  shown  in  Fig.  29  also  are  very  similar  to  those  of  the  standard  cell.  How- 
ever the  DTA  thermogram  of  the  above  reversed  cell,  as  shown  in  Fig . 30,  is 
interesting  . Note  that  the  upper  limit  of  the  temperature  was  250 °C  . It  shows 
three  exothermic  transitions  prior  to  a very  sharp  exotherm  occurring  during  the 
cooling  cycle  of  the  DTA.  The  repeat  DTA  run  (Fig.  31)  shows  no  significant 
exotherms.  The  thermogram  of  another  cell  force  discharged  at  -30 °C  for 
3 hours  at  90  mA,  is  shown  in  Fig  . 32.  Note  that  it  shows  only  the  three  exo- 
thermic peaks.  But  on  the  repeat  run,  the  fourth  strong  exothermic  peak  appears 
as  shown  in  Fig . 33 . The  above  experiment  was  repeated  and  the  DTA  thermo- 
grams were  found  to  be  identical  to  the  above . We  believe  that  the  three  peaks 
are  due  to  the  following  three  reactions,  viz  Li  + AN,  decomposition  of  Li2S204 
and  Li  + PC . The  fourth  sharp  peak  in  Fig . 30  is  most  likely  due  to  the  Li  + S 
reaction.  We  found  earlier  that  Li  + S reaction  produced  the  sharpest  exothermic 
transitions  indicating  a very  fast  reaction. 

All  the  DTA  experiments  were  carried  out  at  least  one  day  after 
the  discharge  and  reversal  of  the  cells;  thus  the  exothermic  transitions  reflect 
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reactions  of  relatively  stable  species  and  not  transient  species. 

(c)  Cells  with  Glass  Filter  Paper  Separator:  These  cells  are  similar 
to  the  standard  cells  in  every  respect  except  the  separator  is  made  of  glass 
filter  paper.  The  thermogram  of  a fresh  cell  heated  to  170 °C  is  shown  in  Fig  . 34 . 
Note  that  the  OCV  remained  unchanged  during  the  run  indicating  the  absence  of 
shorting  that  occurred  in  cells  with  celgard  separator  which  melts  at  approximately 
140°C  causing  shorting.  Also,  there  was  no  significant  transitions  as  expected. 
The  thermogram  of  a completely  discharged  cell,  as  shown  in  Fig . 35,  showed 
a small  exotherm  very  similar  to  that  of  the  standard  cells , most  likely  because 
the  upper  limit  of  the  temperature  was  170°C.  Note  also  that  the  OCV  of  the 
cell  did  not  drop  to  zero;  indicating  lack  of  cell  shorting . The  repeat  run  did 
not  show  any  transition  as  before . 

The  DTA  thermogram  of  a cell  which  was  force-discharged  at  -30 °C 
at  90  mA  showed  only  a small  exotherm  (as  shown  in  Fig.  36)  when  the  upper 
limit  of  the  DTA  run  was  kept  at  170  °C . However,  when  the  upper  limit  of  the 
DTA  temperature  was  increased  to  250 °C  of  a similarly  force-discharged  cell, 
stronger  exothermic  transitions  were  observed  again  (Fig.  37)  very  similar  to 
those  of  the  standard  cells  . 

The  efficacy  of  the  glass  separator  in  preventing  cell  shcrting  at 
elevated  temperatures  is  demonstrated  from  the  above  experiments.  However, 
the  exothermic  reactions  at  150°C  is  not  thus  preventable,  as  expected. 


(d)  Cells  with  LiAsFg  Electrolyte  Salt;  These  cells  are  identical 
to  the  standard  cells  except  the  electrolyte  salt  is  LiAsFg  instead  of  LiBr. 

The  electrolyte  consisted  of  70%  SC^  + 21%  AN  + 9%  LiAsFg.  The  thermogram  of 
a fresh  cell  is  shown  in  Fig  . 38 . The  open  circuit  voltage  of  the  cell  curiously 
increased  above  132 °C  from  2.95  volt  to  3 .66  volt.  We  found  this  phenomenon 
to  be  quite  reproducible.  There  is  a small  exotherm  in  the  thermogram  correspond- 
ing to  this  increase  in  OCV.  Our  earlier  DTA  studies  were  incomplete  insofar  as 
this  electrolyte  salt  is  concerned  and  as  such  the  reason  for  this  increased  OCV 
is  not  quite  clear.  The  thermogram  showed  an  endotherm  corresponding  to  the 
melting  of  Li.  Curiously,  the  cell  did  not  short  in  spite  of  the  fact  that  the  cell 
temperature  exceeded  the  melting  point  of  the  celgard  separator.  It  is  possible 
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that  the  electrode  assembly  was  not  tight  enough  to  create  a short  when  the 
separator  melted . The  thermogram  then  showed  a sharp  exothermic  transition 
corresponding  to  the  shorting  of  the  cell  as  indicated  by  the  sudden  drop  of 
OCV.  This  cell  did  not  explode  at  this  point  although  another  cell  did  in  a 
subsequent  run . A repeat  run  of  the  same  cell  showed  no  significant  transitions 
as  shown  in  Fig.  39,  indicating  complete  decomposition  of  any  electrochemically 
and  thermally  active  materials  including  Li2S204  formed  during  shorting . The 
temperature  of  the  cell  must  have  been  high  enough  to  complete  all  the  thermally 
active  processes  discussed  earlier. 

The  thermograms  of  discharged  cells  showed  relatively  smaller 
exotherms  (Fig.  40)  compared  to  those  of  a force-discharged  cell  (Fig.  41) 
as  observed  earlier  with  the  standard  cells . The  thermogram  of  a charged  cell 
(Fig . 42)  was  similar  to  that  of  a fresh  cell  with  the  exception  that  the  OCV 
was  higher  initially  (3  .44  volts)  and  it  was  reduced  to  2 .85  volts  prior  to  short- 
ing which  resulted  in  a very  large  exotherm  corresponding  to  both  electrochemical 
and  chemical  heats . Note  that  the  cell  shorting  occurred  after  the  lithium  melting 
as  indicated  by  the  small  endotherm  prior  to  the  sharp  drop  of  OCV.  Repeat  run 
showed  no  transitions  as  before. 

The  above  results  demonstrate  the  applicability  of  the  cell  DTA 
technique,  in  resolving  the  chemical  processes  occurring  in  cells  during  thermal 
excursions,  and  this  method,  in  conjunction  with  the  DTA  cf  cell  constituents, 
provides  a useful  tool  for  studying  the  thermal  runaway  processes  of  Li/SC>2 
and  other  cells . 

C . Conclusions 

The  differential  thermal  analysis  (DTA)  of  miniature  Li/S02  cells  was 
found  to  be  a useful  tool  in  elucidating  the  chemical  processes  that  occur  in  a 
cell  during  thermal  excursions,  as  in  thermal  runaways.  The  DTA  data  of  cell 
constituents  were  particularly  useful  for  the  identification  of  the  various  processes 
occurring  in  the  cell  by  comparing  the  nature  of  the  transitions  of  the  cell  with 
those  of  synthetic  mixtures  of  cell  constituents . The  effect  of  the  cell  construction 
variables  such  as  glass  filter  paper  separator  on  the  DTA  thermograms  of  the 


21 


I 


miniature  cells  was  found  to  be  predictable  in  most  cases  based  on  the 
DTA  data  of  the  cell  constituents.  The  major  reactions  which  contribute 
to  the  thermal  runaway  processes  are  the  Li-organic  solvent  reaction  and 
the  decomposition  of  Li2S204  as  well  as  the  Li  + S reaction,  where  S was 
produced  from  Li2S204.  The  cell  reversal  results  in  stronger  exothermic 
transitions  due  to  the  formation  of  Li  in  the  cathode  containing  Li2S204 . 


IV.  Kinetics  of  Lithium-Organic  Solvent  Exothermic  Reactions 


From  the  DTA  studies  we  have  shown  that  the  reactions  most  likely 
to  initiate  a thermal  runaway  are  the  Li-organic  solvent  reactions,  particularly 
the  exothermic  Li-acetonitrile  reaction  which  occurs  at  room  temperature . For 
this  reason,  we  chose  to  concentrate  on  the  study  of  the  kinetics  of  this  re- 
action in  an  effort  to  find  ways  and  means  of  quenching  it.  We  also  carried 
out  kinetic  study  of  several  other  organic  solvents  in  an  effort  to  find  suitable 
candidates  for  replacing  acetonitrile  in  the  electrolyte  of  the  Li/SC^  cells  or 
adding  to  it,  if  possible.  The  extent  of  the  reaction  is  proportional  to  the 
heat  evolved  and  the  rate  of  the  reactions  is  proportional  to  the  rate  of  the  heat 
evolution  at  a constant  temperature  and  at  a constant  surface  area  of  the  Li . 
Therefore,  an  isothermal  DTA  technique  was  used  to  study  these  reactions.  The 
experimental  details  and  the  results  are  reported  here. 

A.  Experimental: 

The  Mettler  TA2000  Differential  Thermal  Analysis  System  with  the  high 
pressure  hermetic  crucibles /described  earlier,  was  used  for  the  isothermal  DTA 
runs.  A 0.098  inch  diameter  piece  of  0.005  inch  thick  Li  foil  weighing  0.00029  gm 
was  placed  in  the  DTA  sample  crucible  in  an  argon  filled  dry  box.  20  microliters  of 
the  appropriate  organic  solvent  was  injected  into  the  crucible  and  the  crucible 
sealed.  The  Li  disc  size,  weight  and  the  location  inside  the  sample  container 
as  well  as  the  volume  of  the  organic  solvent  were  kept  as  constant  as  possible 
from  run  to  run.  The  mixtures  were  then  heated  very  quickly  to  various  tempera- 
tures in  the  DTA  furnace  and  maintained  at  those  temperatures  while  the  dif- 
ferential temperatures  were  recorded  as  a function  of  time  yielding  isothermal 
DTA  thermograms  at  the  various  temperatures . 

All  the  organic  solvents  used  were  of  the  highest  purity  available  from 
Eastman  Kodak  and  were  used  as  received  except  for  PC  which  was  vacuum 
distilled  over  Li  foil  prior  to  use . 

The  Li  foils  were  used  as  received  from  the  Foote  Mineral  Co.  and 
contained  1%  Na  as  impurity.  The  foils  were  shiny  in  appearance  and  all  the 


experiments  were  carried  out  using  freshly  punched  Li  from  one  roll  except 
for  some  preliminary  experiments  with  AN  for  which  the  Li  discs  were  punched 
several  days  prior  to  the  experiments . Although  the  Li  foil  was  shiny  in 
appearance  it  is  reasonable  to  assume  that  it  has  a thin  protective  film  and 
the  freshly  punched  areas  of  the  discs  are  probably  most  active  towards  the 
organic  solvents.  Therefore,  the  duration  between  the  punching  of  a Li  disc 
and  the  isothermal  run  was  kept  constant  from  run  to  run  in  order  to  reduce 
any  variation  of  the  activity  of  the  Li  surface  from  run  to  run . 

B . Results  and  Discussion; 

Some  typical  isothermal  DTA  thermograms  at  various  temperatures  for 
the  Li  + AN  system  are  shown  in  Fig . 43 . It  can  be  shown  that  the  slopes  of 
the  rising  portion  of  the  DTA  thermogram  at  the  point  of  inflection  of  the  tempera- 
ture-time curve  can  be  expressed  as 

d A-T_  = k (_AH 

dt  ' L + S ’ 

where  A H = heat  of  the  reaction 

k = zeroth  order  rate  constant 
L = heat  capacity  of  reaction  mixture 
S = heat  capacity  of  container 

when  the  DTA  furnace  is  maintained  at  a constant  temperature  and  the  chemical 
reaction  obeys  zeroth  order  kinetics  . 

Since  A H,  L and  S are  constants,  the  slope  is  proportional  to  the  rate 
constant  of  the  Li  + solvent  reaction  which  is  controlled  by  the  reaction  tempera- 
ture and  the  surface  area  of  the  Li  disc  which  were  kept  constant  for  all  the  runs . 

An  Arrhenius  plot  of  the  above  slopes  as  a function  of  the  reaction 
temperature  for  the  Li  + AN  system  with  Li  discs  cut  several  days  prior  to  the 
experiment  is  shown  in  Fig . 44  . The  plot  i9  linear  and  the  energy  of  activation, 
as  determined  from  the  least  square  slope  (excluding  the  point  at  the  lowest 
temperature)  was  13  K.cal  mole-*  with  a frequency  factor  of  8.  A similar  plot 
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of  the  same  system  with  freshly  cut  Li  discs  as  shown  in  Fig  . 44  was  also 
linear  and  had  a higher  reaction  rate  and  a slightly  lower  activation  energy; 

10  K.cal  mole-*  . This  probably  reflects  the  effect  of  the  Li  film  (formed  during 
storage  in  the  dry  box)  on  the  kinetics  of  the  Li  + AN  reaction. 

The  effect  of  LiBr  on  the  kinetics  of  the  Li  + AN  reaction  was  studied 
and  the  Arrhenius  plot  is  also  shown  in  Fig . 44 . The  activation  energy  of  the 
reaction  was  reduced  further  to  6 K.cal  mole-*  possibly  indicating  the  catalytic 
effect  of  Li+  (15)  on  the  Li  + AN  reaction. 

Although  PC  was  found  to  be  rather  inert  towards  Li  at  room  temperature, 
it  reacted  with  Li  at  higher  temperatures  . The  energy  of  activation  as  determined 
from  the  linear  Arrhenius  plot,  shown  in  Fig  . 45,  was  22  K.cal  mole-*  . 

The  effect  of  addition  of  PC  on  the  Li  and  AN  reactivity  was  studied. 

The  results  are  shown  in  Fig  . 45 . The  addition  of  PC,  up  to  20%,  resulted  in  a 
lowering  of  the  reaction  rates  without  altering  the  energy  of  activation  significantly . 
This  probably  indicates  that  the  Li  + AN  reaction  is  occurring  through  a film  which 
only  lowers  the  reaction  rates  without  altering  the  activation  energy.  PC  is 
known  (12)  to  form  an  insoluble  film  of  L^CO^  on  Li  thus  protecting  it  from 
further  attack.  With  50%  PC,  the  reaction  rates  were  reduced  drastically,  and 
the  Arrhenius  plots  showed  two  linear  regions  corresponding  to  activation  energies 
of  22  and  113  K.cal  mole  * for  the  lower  and  the  upper  region  respectively.  In 
this  mixture,  the  reaction  temperatures  are  very  high  and  as  such  complex  re- 
actions may  occur  to  give  rise  to  this  type  of  behavior. 

The  addition  of  small  amounts  of  SO2  (3%)  to  the  AN  resulted  in  a sharp 
reduction  of  the  reaction  rates  as  shown  in  Fig.  45,  without  altering  the  energy 
of  activation . This  demonstrates  the  excellent  film  forming  ability  of  small 
amounts  of  SO2  and  its  efficacy  in  reducing  the  Li  + AN  reactivity,  the  key  element 
in  the  safety  of  the  Li/SC^  cells . 

Li  was  found  to  be  stable  in  MF  (methyl  formate)  at  ambient  temperature 
and  reacted  only  at  very  high  temperatures.  Surprisingly,  the  reaction  rates 
were  found  to  be  considerably  lower  than  those  of  the  Li  + PC . Also  the 
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energy  of  activation,  as  determined  from  the  Arrhenius  plot  shown  in  Fig.  46 
was  almost  twice  that  of  the  Li  + PC,  viz  43K.cal  mole-*  . 

The  effect  of  MF  on  the  Li  + AN  reaction  was  studied . The  reaction 
rates  increased  ' ignificantly  with  5%  MF  present  giving  rise  to  a non-linear 
plot  as  shown  in  Fig.  46.  At  higher  concentration  of  MF,  the  reaction  was  too 
rapid,  particularly  at  the  higher  temperature,  so  that  it  was  not  possible  to 
measure  the  rates  by  the  isothermal  DTA  method.  A substantial  part  of  the  re- 
action was  completed  during  the  heating  period  so  that  the  slopes  were  not 
representative  of  the  reaction  rates.  The  Arrhenius  plots  with  20%  MF  were 
found  to  be  meaningless  as  shown  in  Fig.  46.  In  a normal  isothermal  DTA  run, 
as  shown  in  Fig  . 47  (a)  , the  first  short  peak  represents  the  difference  in 
temperature  between  the  sample  and  the  reference  during  the  short  heating  period . 
Note  that  the  differential  temperature  reached  the  base  line  before  it  shot  up 
as  a result  of  the  exothermic  reaction.  Also  the  area  under  this  major  peak 
representing  the  heat  released,  is  very  similar  for  all  the  runs  at  various 
temperature  for  a particular  system,  indicating  the  correctness  of  our  assumptions 
regarding  reasonable  adiabaticity . The  abnormal  isothermal  runs  with  the 
Li  + AN  + MF  system,  is  shown  in  Fig.  47  (b)  . Note  that  the  differential 
temperature  does  not  reach  the  base  line  after  the  first  short  peak  (corresponding 
to  the  heating  of  the  sample)  prior  to  the  reaction  exotherm , indicating  that  the 
reaction  was  already  initiated  during  the  heating  up  period.  Also,  the  areas 
under  these  exothermic  peaks  are  different  from  run  to  run.  These  results 
demonstrate  the  limitation  of  this  technique  which  is  applicable  to  only  those 
heterogeneous  reactions  which  have  a sufficiently  long  induction  period  during 
which  the  samples  may  be  heated  without  any  substantial  reactions . In  systems 
such  as  Li  + AN  + MF,  the  induction  periods  are  too  short,  most  likely  due  to 
the  increased  solubility  of  the  reaction  products  in  the  mixed  solvents.  Thus, 
although  MF  by  itself  is  less  reactive  to  Li,  addition  of  it  to  AN  increased  the 
Li  solvent  reactivity  to  a greater  extent  than  the  reactivity  with  the  individual 
solvents.  The  above  results  indicate  that  although  pure  MF  may  be  used  by  itself 
in  Li/S02  cells,  the  mixture  of  MF  and  AN  may  be  deleterious  from  a safety 
stand  point.  The  reported  (5)  unsafe  behavior  of  Li/SC>2  cells  with  MF  in  the 
electrolyte  may  be  due  to  the  presence  of  other  impurities  which  may  act  as 
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cosolvent  with  MF  to  dissolve  the  protective  lithium  film. 


The  Li  + DME  (dimethoxy ethane)  reaction  was  found  to  be  extremely 
slow  at  the  moderate  to  high  temperatures  used  in  our  studies . However,  the 
reactivities  of  AN  + DME  mixtures  to  Li  were  examined  successfully.  The 
Arrhenius  plots,  shown  in  Fig  . 48  were  found  to  be  linear.  The  reaction  rates 
were  increased  significantly  by  the  addition  of  DME  to  AN  and  the  activation 
energies  were  reduced.  The  results  again  point  to  a solubilizing  effect  of  the 
AN  + DME  mixed  solvents  towards  the  lithium  film  formed  as  a result  of  the  Li- 
solvent  reaction . 

Similar  runs  with  AN  + DG  (diglyme)  and  AN  + THF  (tetrahydrofuran) 
systems  (Fig . 49)  also  showed  enhanced  reactivity . 

The  energy  of  activation  and  the  frequency  factors  of  all  the  above  re- 
actions are  presented  in  Table  3 . 

C . Conclusions; 


The  isothermal  DTA  technique  developed  for  studying  the  kinetics  of  the 
heterogeneous  reactions  involving  Li  and  organic  solvents  at  various  temperatures 
provided  an  effective  tool  to  assess  the  usefulness  of  solvent  additives  to  the 
Li/S02  electrolyte  in  improving  the  safety  of  the  Li/SC>2  cells.  The  results 
show  that  whereas  S02  and  PC  are  effective  in  reducing  the  Li  + AN  reactivity, 
organic  solvents  such  as  MF,  DME,  THF  and  DG  enhance  the  Li  + AN  reactivity 
and  are  unsuitable  electrolyte  additives  for  safety,  although  these  may  be  used 
in  place  of  AN  in  the  electrolyte  . 
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V.  General  Conclusions  and  Future  Work 


We  have  shown  that  Li  reacts  very  slowly  with  SO2  even  in  the  molten 
state  up  to  the  maximum  temperature  (370 °C)  examined  in  this  study.  The 
excellent  stability  of  lithium  is  due  to  the  kinetic  effect  of  the  protective  film 
on  the  lithium.  The  DTA  results  corroborate  the  observed  excellent  shelf  life 
and  the  relative  safety  of  the  Li/SO„  batteries  under  various  conditions  of  use 
and  abuse . 

The  organic  solvent  AN  was  found  to  be  the  most  reactive  constituent 
of  the  cell.  The  cell  discharge  product,  LI2S2O4  was  found  to  decompose  exo- 
thermally  producing  S and  as  such  could  contribute  in  sustaining  a thermal 
runaway  (initiated  by  other  means)  but  could  not  initiate  one  since  the  de- 
composition temperature  is  above  100°C. 

The  DTA  results  on  the  miniature  Li/S02  cells  corroborated  our  conclusions 
from  the  DTA  of  individual  cell  constituents  and  it  was  found  to  be  a useful  tool 
for  studying  the  thermal  runaway  process . 

The  kinetic  studies  of  the  Li-organic  solvent  reactions  were  useful  in 
determining  the  effectiveness  of  the  organic  solvent  additive  (to  AN)  in  re- 
ducing the  Li  and  AN  reactivity  for  increased  safety . The  results  show  that 
the  solvents  MF,  DME,  DG  and  THF,  although  stable  by  themselves,  were  un- 
suitable as  additives  since  they  enhance  the  Li  and  AN  reactivity;  most  likely 
due  to  an  enhanced  solubilizing  effect  of  the  mixed  solvent  on  the  Li  film . 

PC  was  found  to  be  a beneficial  solvent  in  that  respect. 

We  plan  to  continue  some  of  the  above  studies.  In  addition,  we  plan 
to  do  calorimetry  of  L026S  cells  under  use  and  abuse  conditions  in  order  to 
obtain  a quantitative  measure  of  the  heat  released.  We  also  plan  to  establish 
the  efficacy  of  some  of  the  approaches  developed  from  the  DTA  studies,  using 
hermetic  Li/S02  D size  (L026)  cells . The  DTA  results  discussed  in  this  report 
provide  a sound  basis  for  conducting  a thorough  cell  evaluation  program  in  order 
to  establish  the  possible  tradeoffs  (in  performance  and  cost)  for  increased 
safety  of  the  Li/S02  cells  . 
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TABLE  1 


List  of  Possible  Chemicals  Present  in  Li/SO^  Batteries  at  the  Various 
Stages  and  Types  of  Use  ana  Abuse 


(a)  Starting  Materials 


1 . 

Li 

8. 

Acrylonitrile 

2. 

CM 

o 

CO 

S. 

Acetamide 

3. 

Carbon  black 

10. 

Propylene 

4. 

Teflon 

11 . 

Li2C°3 

5. 

Aluminum 

12. 

Li3N 

6. 

Nickel  plated  cold  rolled  steel: 

13. 

Li„0 

Ni,  Fe 

L 

7. 

Polypropylene  (c) 

Chemicals  Generated 

8. 

LiBr 

1 . 

L12S°4 

9. 

Acetonitrile 

2. 

Br2 

10. 

Propylene  carbonate 

3. 

Li2S°3 

11 . 

LiAsFg 

4. 

S 

12. 

Methyl  formate 

5 . 

S2Bf2 

13. 

Other  prospective  organic  solvents 

6. 

SOBr. 

such  as  THF,  ^ -BL,  DME, 
Dioxolane , etc . 

7. 

4 

Undefined  polymers 
of  AN,  PC 

14. 

Tantalum 

8. 

Li2S2°4 

Possible  Impurities 

9. 

ch4 

1 . 

H.O 

10. 

CS2 

2. 

Mg 

11  . 

H2S 

3. 

Na 

12. 

co2 

4. 

LiOH 

13. 

LiCN 

5. 

Propylene  glycol 

6. 

ch3cooh 

7. 

Ni,  Fe,  Ta  salts,  heavy  trace 

metals 
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TABLE  2 

Summary  of  DTA  Results  of  the  Various  Chemicals 

And  Their  Combinations  From  Table  1;  Heating  Rate  5°C/minute 

Chemicals 

Temperature  of  Transitions 

°C 

Exothermic 

Endothermic 

i . 

Li 

— 

188 

i 

2. 

Carbon 

— 

— 

3. 

Celgard  (Porous  Polypropylene) 

156 

4. 

Acetonitrile  (AN) 

— 

— 

5. 

Propylene  Carbonate  (PC) 

— 

— 

6. 

Teflon  powder 

— 

245 

7. 

Sulfur 

— 

112,  120 

8. 

Na2S204  (sodium  dithionite) 

91,  125.211,284 

— 

9. 

LiBr 

— 

— 

10. 

Li  + Celgard 

— 

152,  191 

11. 

Li  - LiBr 

124 

188 

12. 

LI  + Teflon  powder 

279 

191 

13. 

LI  + SOz 

— 

192 

14. 

Li  + AN 

89 , 149 

— 

15. 

Li  + PC 

264,  306 

189 

16. 

Li  + AN/PC  (50:50) 

180,  226 

— 

17. 

Li  + AN/PC  (95:5) 

98 

— 

18. 

Li  + SO/AN/LiBr  (40:40:20) 

182,  211 

— 

19. 

Cathode  mix  from  discharged 

179 

— 

cell 

20. 

Above  after  exposure  to  air 

64,  159,  210 

— 

21. 

Cathode  mix  from  a reversed 

58,  177,  237 

— 

(force-dischargecj  cell 

22. 

Li  + Carbon  + Na^O^ 

198,  292 

184 

23. 

Li  + S 

160 

110,  121 

24. 

Li  + LI2SO3  (as  received) 

126,  151,  190 

187 

25. 

Li  + Li2S03  (dried) 

— 

189 

26. 

Li  + A1 

188 

281,  346 

27. 

LiAl  alloy  + AN 

157.  327 

— 

28. 

A1  + AN 

— 

— 

29. 

LiAl  alloy  + SO2 

— 

— 

1 
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TABLE  2 (continued) 


Chemicals 

Temperature  of  Transitions 
Exothermic 

°C 

Endothermic 

30.  L1A1  alloy  + AN/S02  (75:25) 

424 

345 

31 . PC  + Br2 

68. 150.200 . 247 

— 

32  . Na2S204  Br2 

143.  204 

— 

33  . Br2  + AN/S02/LiBr  (40:40:20) 

119,  173 

— 

34.  CH4  + Br2 

324 

— 

35  . Li  + CH. 

4 

— 

191 

36.  Li  + Diglyme 

187,  280,  374 

— 

37.  Li  + AN/PC  (95:5) 

103 

— 

38.  Li  + AN/PC  (80:20) 

86,114,148,190 

— 

39  . Li  + DME 

432 

188 

40.  Li  + AN/DME  (95;5) 

30 

— 

41.  Li  + AN/MF  (95:5) 

78 

— 

42.  Li  + AN/MF  (80:20) 

102 

— 

43.  Li  + AN/MF  (50:50) 

148 

— 

44.  Li  + AN/THF  (95:5) 

34 

— 

45  . Li  + THF 

— 

188 

46.  Li  + MF 

184.  318 

— 

47.  Li  + MF/PC  (50:50) 

184.  235 

— 

48  . Li  + AN  + Napthalene 

75. 

— 

49  . Li  + LiAsFg 

282 

190,  269 

50.  Li  + LiAsF6  + AN 

189 

— 

51 . Li  + S2Br2 

362.  386,  400 

— 
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TABLE  3 


The  Activation  Energy  and  the  Frequency  Factor  of  Various  Li- 
Organic  Solvent  Heterogeneous  Reactions  Determined  by  Isothermal  DTA 
Method. 


Reactions 


Activation 

Energy 

K.Cal  Mole 


Frequency 

Factor 


1. 

Li+  AN 

13.1 

± 0.5 

8.3 

2. 

Li  (freshly  cut)  + AN 

10.3 

± 0.3 

7.1 

3. 

Li  + 0.32  M LiBr,  AN 

5.9 

± 0.6 

4.3 

4. 

Li  + PC 

22.3 

± 3.2 

9,8 

5. 

Li  + AN/PC  (95/5) 

15.0 

± 0.6 

8.8 

6. 

Li  + AN/PC  (80/20) 

11.1 

±0.6 

6.6 

7. 

Ii  + AN/PC  (50/50) 

( 21.7 
( 112.9 

± 2.5 
±22.6 

10.8 

56.8 

8. 

Li  + AN/SOz  (97/3) 

12.5 

± 2.1 

7.0 

9. 

Li  + MF 

42.7 

± 5.2 

16.7 

10. 

Li  + AN/DME  (95/5) 

5.9 

± 0.5 

3.9 

11. 

Li  + AN/DME  (80/20) 

9.1 

± 0.9 

6.4 

12. 

Li  + AN/DG  (95/5) 

9.5 

± 0.3 

6.6 

13. 

Li  + AN/THF  (95/5) 

9.6 

± 0.8 

6.6 

220  200 


Fig.  2.  Thermogram  of  S (0.0240  gm);  5°C%/Minute. 
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Fig.  4.  Thermogram  of  LI (0.0 123  gm)  + Celgard  (0.0634  gm);  5°C/Minute. 
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Thermogram  of  Li  (0.0031  gm)  + LtBr  (0.0799  gm);  5°C/Minute. 
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Fig.  7.  Thermogram  of  Li  (0.00029  gm)  + SC>2;  5°C/Mlnute. 
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Fig.  14.  Thermogram  of  Cathode  Mix  (0.0624  gm)  from  a Ll/S  CL  Cell  which 
was  Discharged  and  then  Driven  Into  Reversal  for  10*  of  Its 
Discharged  Capacity;  5°C/Mlnute. 
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Fig.  17.  Thermogram  of  LI  (0.00094  gm)  + L^SO^  (0.0075  gm) 
As-Received;  5°C/Minute. 
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Fig.  19.  Thermogram  of  LlAl  Alloy  (0.01333  gm)  + AN;  5°C/Mlnute. 
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Fig.  23. 


Thermogram  of  a Discharged  Miniature  Ll/SO-  Cell  of  Standard 
Construction,  Discharge  Current  1 mA;  Discharge  Capacity  193  mAHr. 
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DIFFERENTIAL  TEMP.  AT  , mV 


Fig.  24.  Voltage,  Differential  Temperature  and  the  Block 
Temperature  Profiles  of  a Ll/SO  Miniature  Cell 
of  Standard  Construction  Durlncf  Discharge  and 
Force- Discharged  at  25°C  at  a Current  of  90  mA. 
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Fig.  28.  Thermogram  of  a Discharged  Miniature  L1/SC>2  Cell  with 
PC  In  the  Electrolyte;  Discharge  Current,  10  mA; 
Discharge  Temperature,  25 °C.  62 
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Fig.  29.  Voltage,  Differential  Temperature  and  the  Block  Temperature  Profiles  of  a 
Ll/SO-  Miniature  Cell  with  PC  In  the  Electrolyte  During  Discharge  and 
Force-TDls charge  at  25 °C  at  a Current  of  90  mA. 
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Fig.  35.  Thermogram  of  a Discharged  Ll/SO„  Miniature  Cell  with  Glass 
Filter  Paper  Separator;  Discharge  Current,  10  mA;  Discharge 
Temperature,  25 °C.  eg 
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\m  ’ » Thermogram  of  the  Repeat  DTA  Run  after  the  One 
in  Fig.  38. 
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